Abstract. The paper presents simulation of steady motion of a solar vehicle supplied with solar energy directly from a panel and indirectly from a battery. Analysis of power distribution has been carried out, inclusive of the power demand related to the need of overcoming rolling and aerodynamic resistance with respect to its structural and operational parameters and parasite losses and with regard to geographic location, hourly distribution of insolation on recommended days of selected months, spatial arrangement of the panel, aided by an accumulator battery.
Introduction
Solar cars are reckoned as automotive vehicles driven by electric energy obtained as a result of photovoltaic conversion [2, 5, 6, 7, 9, 13] In order to use the module as a power source a power accumulator should be connected to it [2, 3, 5, 12] . Low power consumption is very important in case of solar vehicles Therefore, they should be characterized with low mass, low value of the rolling resistance coefficient, and -aerodynamic shape [2, 7, 9, 13] that is shown in Fig.1 . Fig.1 . Solar car "Sunraycer", plexiglass windscreen covered with gold (1), stabilizers (2) , solar batteries (3), rear drive (4), plastic wheels discs (5), body reinforcement (kevlar) (6) [9] The requirements imposed on the vehicles supplied with solar energy include among others [1, 2, 3, 5, 6, 7, 8, 9, 13] : -monoposte composite car body optimized to light weight and little air resistance, Table 2 ,
-construction form supporting fiber reinforced body structure, a shell of body on layer lamination, strengthening ribs in sandwich construction (a little aerodynamic coefficient), -special solar car tires with a little coefficient rolling resistance, -solar generator -highly efficient solar cells (Table 2) , enclosed in ultra-lightweight glass -fiber reinforced plastic, -highly efficient solar Maximum Power Point Tracker (98 -99 %), [3, 9, 10, 11] .
-synchro -motor with magneto -pernament, efficiency 95 -98 % [13] , -battery with highly efficient and capacity (li-ion, lipolymer, zinc-air), 80 -95 % [13] , -instrument of panel and drive units controls 97 % [8] .
Participans of Solar Challenge Race
Twenty four entries from the seven countries cited starting in the Trans -Australian World Solar Challenge Race in year 1987. The winner, Sunraycer, shown in Fig.1 . is a solar car designed in 1987 by General Motors. This is a one -seat and four -wheeled car. Sunraycer built on an aluminium tube space -frame (weight with a driver ballasted 248 kg) [13] . It won the Trans-Australia World Solar Challenge Race, travelling the route with the velocity of 70 km/h [9, 13] 
Basic relationships

A. The rolling and aerodynamic resistance of the solar car
The total power that should be supplied to the wheels consists following components: -the power required for overcoming the rolling resistance [2] :
-the power required for overcoming the aerodynamic resistance [2] :
where: G -the vehicle weight, v -the vehicle speed, c Tthe rolling resistance coefficient, c A -the aerodynamic vehicle coefficient, A -total front surface of the vehicle.
-parasite losses 30 W [2] . The power required for overcoming the rolling resistance depends also on the vehicle and driver mass and the vehicle speed. The vehicle participating in the solar races have the rolling coefficients of c T = 0,0040 (Honda Dream) ÷ 0,0055 (Biel III). In case of using of special tyres the rolling coefficient may be reduced to c T = 0,0020 [13] . The air resistance force becomes more important for the speed exceeding 50 km/h and predominates for the speed higher than 100 km/h. The aerodynamic resistance is a function of a front surface, vehicle shape, smoothness of the surface, and vehicle speed [5] . The aerodynamic resistance coefficient takes the value c A =0,1 (Honda Dream, Biel III) [13] , front surface of the vehicle takes value A=1 ÷ 1,2. The total power [2] :
The energy obtained from the photovoltaic conversion Based on the PVGIS data and the relationships provided by [6] and taking into account the panel surface area and the material (conversion efficiency) the power obtained by the PV conversion has been determined by the equation [2] :
where: P max -is the maximal power the array produces when aligned with the sun, θ the angle between the plane normal to the photocell surface and the direction of solar radiation incident thereon, Φ the solar angle (the angle between the sunlight and normal to the ground). The solar angle is indirectly a function of the declination angle, hour angle, latitude, at the angle of the receiver inclination with regard to the Earth surface [2, 3, 5, 11] . While the vehicle is in motion, the panel surface is parallel to the ground (θ=Φ) and the feasible power obtained from a PV battery is as follows [2, 6] :
On the other hand, when the vehicle is immobile, the panel is optimally arranged, i.e. perpendicularly to solar radiation, and the equation describing the power is [2, 5] :
Electric energy obtained from the PV panel can be used to charge driving systems [2, 10, 11, 13] .
C. Complementing power acquired from accumulator battery
Since the panel power in some time intervals is subject to important changes, arises a need of complementing the vehicle supply from an accumulator. In the simulation based on Peukert's model [9] the required complementing power from accumulator has been determined. The Peukert model for the battery capacity is as follows [2, 5] :
where: C -a constant determining the power efficiency of the accumulator battery, p-the Peukert constant (Table  2 ).. The accumulator unloading level has been determined too. Fig. 5 . shows the power balance in solar car. 
Conditions of the computer simulation
A case of steady motion of a solar vehicle supplied with solar energy gained from photovoltaic conversion. The vehicle starts at 8 a.m. with a full charge battery. The simulation has been made for the speed range from 40 to 140 km/h. In the time of higher insolation or with lower resistance to motion the battery charge is equalized during the travel. In case of battery discharged below the allowable level the vehicle should stop in order to enable optimal arranging of the panel and recharging the battery with solar energy. The simulation takes into account geographical location of Barcelona (41,4) and Warsaw (52) as well as hourly distribution of radiation power density on the recommended days, from PVGIS database ( Table 1) . The efficiency of the driving motor amounts to 98 percent and the one of the battery -80 percent.
Results of the computer simulation
The figures show power balance of the car running with steady motion in Barcelona and in Warsaw. The balance considers the total and solar power demand and from the battery. Current charge condition of the battery has been illustrated. 95% 95% Figure 7 presents the same graph for Warsaw. On the other hand, in order to overcome the same resistance to motion in Warsaw a higher battery power was required. In result the battery was totally discharged already at 4:00 p.m. The travelled distance amounted to 640 km.
Power [W]
Hour of day The use of cadmium telluride CdTe at present appears unprofitable (the cell efficiency amounts to 16 %, Table  2 ). Nevertheless, the modules made of this material shall provide significant advantages in the future. Laboratory efficiency is estimated to above 30% [9] . Figure 15 shows an example relationship between the material used in the power panel of a vehicle and possible distance of its travel. 
Conclusions
1. In Barcelona duration of power supply from the photovoltaic panel within a day is shorter than in Warsaw, but its value is higher. Longer daily insolation in Warsaw does not compensate higher power of the radiation in Barcelona, Table 1 . In Warsaw the power to be gained from the battery in order to cover total power demand is higher than in Barcelona. In Variant I the supplementary battery power in Barcelona at 8:00 a.m. amounted to 64.8 percent, while at noon only 4.6 percent. On the other hand, in Warsaw these levels amounted to 74.1 and 40.8 percent, respectively. 7. In order to avoid the loss of the power surplus, as in Variant III, the operational conditions of the solar vehicle should be planned appropriately. 8. The power gained from photovoltaic conversion is higher while parking than while running, due to possible optimal arrangement of the panel. The stops should be planned in such time as to ensure the highest possible value of the difference between the parking and running modes. Taking into account that power loss of the battery may be estimated to 20 percent, parking of the vehicle is disadvantageous when the difference is below 25 percent. 9. The best solution is travelling with highest speeds near midday and parking in the first and last hours of sunshine. 10. The correlation between the speed and travelled distance is exponential. For the speed v = 80 km, relative decreasing of travelled distance is 50 % to v = 60 km/h. 11. The speed greater of 120 km/h is almost useless (high discharge of battery). Better range of the vehicle may be obtained when running with lower speed within the whole planned time than in case of shortening the run due to battery discharge. Optimal speed range for the described cases is between 40 and 80 km/h, eventually 100 km/h, Fig.15 . 12. Is truly important to reach the hoped results without underdischarge the battery. 13. In practice it is not recommended so called "deep discharge" of a battery. We should stop the journey earlier and charge the battery [12] . 14. Optimization of one or more variables allons to increase the travelled distance. 15. In case of longer journeys another interesting solution of the problems seems to be a hybrid vehicle using sun energy [1, 3, 9] , a vegetable oil, powered combustion engine, the lithium -ionic accumulators , e.eg. the cobalt batteries in which the value of energy density is more than four times higher than in case of the conventional lead ones, (Connector, Honda EV-N, Peugeot Concept BB1 4), or in electric cars for battery charging or air-conditioning supply.
